Abstract-This paper describes the design of CMOS receiver electronics for monolithic integration with capacitive micromachined ultrasonic transducer (CMUT) arrays for highfrequency intravascular ultrasound imaging. A custom 8-inch (20-cm) wafer is fabricated in a 0.35-µm two-poly, four-metal CMOS process and then CMUT arrays are built on top of the application specific integrated circuits (ASICs) on the wafer. We discuss advantages of the single-chip CMUT-on-CMOS approach in terms of receive sensitivity and SNR. Low-noise and high-gain design of a transimpedance amplifier (TIA) optimized for a forward-looking volumetric-imaging CMUT array element is discussed as a challenging design example. Amplifier gain, bandwidth, dynamic range, and power consumption trade-offs are discussed in detail. With minimized parasitics provided by the CMUT-on-CMOS approach, the optimized TIA design achieves a 90 fA/√Hz input-referred current noise, which is less than the thermal-mechanical noise of the CMUT element. We show successful system operation with a pulseecho measurement. Transducer-noise-dominated detection in immersion is also demonstrated through output noise spectrum measurement of the integrated system at different CMUT bias voltages. A noise figure of 1.8 dB is obtained in the designed CMUT bandwidth of 10 to 20 MHz.
I. Motivation for Monolithic Integration
I ntravascular ultrasound (IVUs) imaging has emerged as a valuable tool for interventional cardiology to manage diseases of the coronary arteries [1] , [2] . capacitive micromachined ultrasonic transducers (cMUTs) have been shown to be a viable alternative to piezoelectric transducers for IVUs because they exhibit comparable performance, while allowing for easier fabrication of complex arrays and more compact electronics integration [3] . The silicon-micromachined cMUT is especially suitable for various levels of cMos integration on a single substrate. The ability to integrate electronics is a key factor for successful implementation of catheter-based imaging arrays, especially for ring annular arrays [4] , [5] and densely populated 2-d arrays [6] , [7] , because the maximum number of cables is limited by the catheter diameter. additionally, this application demands tight front-end electronics integration, because the typical element size is on the order of 100 μm, implying a high sensitivity to parasitics associated with cables and wire bonds.
The specific application considered here is forwardlooking (Fl)-IVUs, a system that would be useful for dealing with chronic total occlusions (cTo) in blood vessels and for guiding stent placements. a previous study for Fl-IVUs using piezoelectric transducers is found in [8] . More recent studies relied on cMUT devices for Fl-IVUs [4] , [5] , [9] because it is challenging to fabricate piezoelectric devices with the required dimensions. Fig. 1 shows the schematic diagram of an Fl-IVUs probe with a cMUT array integrated with front-end receiver electronics.
The parasitic interconnect capacitance is a significant factor degrading the snr on the receive side of FlIVUs array elements with very small capacitances [10] . a method for reducing electrical interconnect parasitics is through-wafer-via interconnect technology. Using flipchip bonding to electronics, a total interconnect parasitic capacitance between 100 fF and 500 fF was reported [7] . This hybrid-integration approach allows circuits and cMUTs to be optimized separately; however it requires extra fabrication steps, including flip-chip bonding, which increases complexity. Previous efforts toward single-chip integration of cMos and cMUT devices include [11] , in which a BicMos fabrication process with modified steps was used to build cMUTs during electronics fabrication. The main drawback of that approach is that it uses an intermediate cMos micromachining process and thus alters standard electronics fabrication, which adds extra cost. In addition, transducer design is limited because this approach does not allow any control over gap or membrane thicknesses. one can also use conventional cMos process flow without modifying the electronics fabrication to build cMUTs in which the metal and passivation layers are etched during post-cMos processing [12] , [13] . In these approaches, the cMUT design is still limited by the existing foundry procedure. In addition, cMUT elements have to be located on the side of the electronics, which is not acceptable for dense arrays.
a viable approach to mitigate parasitic interconnect capacitances relies on monolithic integration of cMUTs with cMos electronics, in which sensor elements are formed on the same silicon substrate with the cMos electronics [14] , [15] . In this paper, we report a cMUTon-cMos approach in which cMUT elements are built after the cMos fabrication and both electronics and cMUT designs are separately optimized. The single-chip cMUT-on-cMos integration significantly reduces the interconnection complexity, increases compactness, enables a smaller die size and reduces cost. To implement the monolithic system, we designed a custom wafer in TsMc's (Taiwan semiconductor Manufacturing co., Hsinchu, Taiwan) 0.35-μm two-poly, fourmetal cMos process and integrated cMUT arrays using a low-temperature fabrication process [16] . The 8-inch (20-cm) cMos wafer contains many reticles of size 2 × 2 cm. Part of the reticle contains many smaller asIcs that are optimized to interface with various cMUT arrays having different bandwidths and geometries (Fig. 2) .
In this paper, we focus on an asIc that is customdesigned to interface with a Fl-IVUs cMUT array as the advantages of monolithic integration are more pronounced for this particular application. Fig. 3 depicts the monolithic integration scheme and the connection to the receiver array through the bottom electrode of the transducer. We describe the design of the full system Ic and present a high-bandwidth, high-gain, low-noise transimpedance amplifier design that can achieve a noise performance comparable to the transducer noise limit because of the reduced interconnection capacitance provided by the monolithic cMUT-on-cMos approach.
II. choice of Preamplifier
The motion of the cMUT membrane caused by the received ultrasound pressure modulates the sensor capacitance. This generates a current signal that can be expressed as
where V BIas is the voltage applied to one of the cMUT electrodes that biases the device close to the collapse voltage, C 0 and d 0 are the static capacitance and the gap distance, respectively, and ∂d/∂t is the velocity of the membrane. Because the cMUT current signal is proportional to the velocity of the membrane, which is directly related to the wideband pressure input, the preamplifier should perform wideband current amplification in order not to limit the sensor signal bandwidth. Therefore, wide bandwidth current amplification using a transimpedance amplifier (TIa) was deemed to be a viable approach for the velocity sensor [17] . a common-source voltage amplifier [18] , a two stage voltage amplifier [19] , or a continuous time charge amplifier [12] , [15] , [20] would be suitable for voltage sensing, and when used as a cMUT preamplifier would limit the bandwidth. cMUT voltage is the integrated version of the wideband cMUT current signal, and therefore to prevent limiting the cMUT bandwidth, a differentiator circuit should follow the voltage sensors [21] , [22] , which introduces an additional stage in the receiver chain.
The TIa has a low input impedance, which is desirable to maximize the received current signal, but not suitable for electrical impedance matching. Electrical impedance matching at the receiver is needed to reduce reflections of the incoming acoustic energy back to the medium [23] . For small array elements, multiple reflections are not large enough to create imaging artifacts. Therefore, to maximize the received current signal, we implemented a low-input-impedance transimpedance amplifier with a commonsource core stage with shunt feedback for wideband and low-noise performance.
III. Front-End asIc for dual ring array Fig. 4 (left) shows a micrograph of an asIc that is designed to interface with an 800-μm-diameter Fl dual-ring cMUT array, which includes two rings of cMUT elements [5] . The inner ring includes 24 elements for transmitting ultrasound and there are 32 elements on the outer ring for receiving the acoustic signal. The post-processed Ic with the monolithically integrated cMUT array is shown in Fig. 4 (right) . array elements are designed with an electrode area of 70 × 70 μm. The vacuum gap is 0.12 μm and the thickness of the nitride isolation layers is 0.2 μm. The operation frequency in immersion is between 10 and 20 MHz.
a dedicated low-noise transistor-feedback transimpedance amplifier is provided for each of the 32 receiver elements. The chip includes 4 sets of receiver circuitry, each containing 8 amplifiers. Multiplexing is required for low cable count, which is essential for catheter applications. Therefore, each set of the receiver circuitry contains one 8 × 1 multiplexer. The chip has a total of 4 outputs, one from each receiver array. The operating supply voltage is 3.3 V.
Each receiver set contains a buffer to drive the interconnect cable and scope capacitances, each on the order of 10 pF. We use a push-pull buffer including two source follower stages. To avoid limiting the signal bandwidths, the buffer is designed to have a wide bandwidth that is higher than 50 MHz with 50 Ω resistive or highly capacitive loads. With a 50-Ω load, the gain of the buffer stage is around 0.25 V/V. For noise measurements, the buffer output is loaded with the 50 Ω input impedance of the spectrum analyzer, so the measured buffer output noise values are reflected to the receive amplifier output by dividing by 0.25. With capacitive loads, the gain of the buffer is around 0.6. The buffer consumes 1 ma of current and covers an area of 35 × 50 μm.
The asIc in Fig. 4 fits in a 1.5-mm-diameter circular area, including all the bond pads. a 500-μm-diameter circle at the center is reserved for the guide-wire. There are a total of twelve pins: Four outputs on four sides, one TIa gain tuning voltage, three multiplexer selects, a TIa core amplifier bias, two V dd pins for better power routing, and a ground. additional pads on the cMUT postfabricated chip are for the two cMUT dc biases for the receive and transmit rings and 24 of the connections are for the transmit elements. High-voltage transmit pulses are provided externally through those pads. Many small squares seen on the chip micrograph are stacked metal layers that are included for metal fill to meet cMos density rules and there is no active circuitry under those metal fills. Inputs of the amplifiers are connected to the highest metal (metal 4) that is 15 μm wide. an initial patterning step on the cMos asIc is used to create small openings in the passivation layer over these metal 4 amplifier input pads. during the subsequent cMUT fabrication, the bottom electrodes of the receive cMUT elements coat these openings and create an electrical connection to the cMos amplifiers below. Fig. 1 shows the pulser chips on the side of the catheter tip, which requires many interconnects between the pulser chips and the cMUT array. considering the space constraints for the forward-looking array element, and the ease of packaging, in the next generation design, the pulser circuitry can be combined with the receiver electronics in a single Ic. High-voltage pulsers in a low-voltage technology can be designed by modifying the layout of the regular devices from a low-voltage process [24] . This is a low-cost solution because it doesn't require any additional fabrication steps.
The layout of the preamplifier TIa used in the asIc is 70 × 140 μm, which is equal to the total area of one transmit-receive pair of cMUT elements so that the receiver circuitry fits under the footprint of the cMUT array. Each TIa consumes 2 ma of current and 32 elements consume a total of 64 ma of current from a 3.3 V supply, which exceeds the 100 mW power budget noted in [25] for intravascular asIcs. although all receiver amplifiers consume power in this current design, at any time only four of them are connected to the output. To reduce the power consumption, some intelligence can be added to future asIcs and the amplifiers that are not actively used can be switched off. With this method, only four amplifiers consume power and the rest stay inactive. Hence, power consumption can be reduced to 1/8 of its current values, well below the 100-mW limit even with 64 receivers.
We performed pulse-echo experiments in water to verify the functionality of the monolithically integrated cMUT array. The setup for the ultrasonic measurement is illustrated in Fig. 5 (left). The top electrode of the receiver array is common to all of the elements and the high-voltage dc bias is applied to this common top electrode. The receiver element is biased at its top electrode to about 80% of the collapse voltage and the bottom electrode (the electrode closest to the cMos electronics) is connected to the TIa through the topmost metal layer. The receiver transimpedance amplifier dc input voltage is around 1 V and is much smaller than the dc bias that is applied from the top electrode. The cMUT itself acts as a capacitive block between the high-voltage bias and the receive circuitry. all transmit elements also share a single dc bias through a connection to their common top electrode. The bottom electrodes of the transmit elements are connected to external pads to route TX pulses to the cMUT elements. The oxide passivation layer between the cMUT bottom electrode and the asIc top metal level protects the asIc from the high-voltage pulse.
The cMUT-cMos chip was wirebonded on a 40-pin package for testing and the connections were coated with parylene to prevent electrical shorting. one cMUT element from the inner ring was used as a transmitter and an element from the outer ring was used as a receiver. a narrow pulse was applied to the bottom electrode of the transmit element. Fig. 5 (right) shows the echo signal from a planar water-air interface, with a center frequency of 15.2 MHz (Fig. 6 ). The tail in the echo response is mainly due to the acoustic crosstalk and the ringing in the silicon substrate [3] . This basic experiment shows that the monolithically integrated system is fully functional.
IV. noise optimization Enhanced by Monolithic
Integration optimization of the snr of the transducer system requires designing receiving electronics that introduce the lowest possible noise for the given bandwidth and element size. The Fl-cMUT array elements are particularly small and the use of synthetic aperture data acquisition limits the available signal levels. This makes the minimization of the input-referred electronic noise a critical task. Ideally, the system noise should be limited by the cMUT thermal-mechanical noise, which is shaped by the cMUT electrical impedance. Because of its small size, the FlcMUT element generates very low thermal-mechanical noise, making it challenging to design a transducer noise limited front-end receiver.
a schematic of the noise sources including the cMUT element and the receiving TIa is shown in Fig. 7 . a cMUT element in immersion can be simply modeled as a parallel resistor and a capacitor [26] . Therefore, the cMUT element is represented with a capacitor and an ac-equivalent resistor. The cMUT impedance introduces a thermalmechanical noise to the system that is shown as iCMUT 2 [27] . Using the transducer design parameters, when biased close to collapse, the Fl-cMUT element capacitance and resistance are calculated to be 150 fF and 1 MΩ, respectively.
as discussed in section II, the cMUT output is a current and therefore the input-referred current noise of the front-end is of interest. For this design, the total inputreferred current noise is given by
where C In, EXT is the sum of the capacitances external to the core amplifier, including the cMUT capacitance, the parasitic capacitance at the input (C Par ), and the feedback capacitance (C F ). iRF 2 is the thermal noise of the feedback resistor (R F ). iamp 2 and v amp 2 are the inputequivalent current and voltage noise sources of the core amplifier that can be expressed as 
where g m is the transconductance, C In,aMP is the capacitance, and i d 2 is the current noise of the input transistor that dominates the core amplifier noise. The total input-referred current noise expression including all the capacitances connected to the input can then be expressed as [28] 
Inspecting (4), it can be seen that the core-amplifier-related noise increases with frequency and the rate of increase is proportional to the total capacitance at the input. If the receive sensor element is connected to the amplifier using wire bonding, the parasitic bond pad and wire bond capacitances increase the total input capacitance, degrading the noise performance significantly. This effect is more detrimental for small-sized Fl-cMUT array elements. Monolithic integration removes all of the wire bonding and pad capacitances at the input and results in better noise performance. In addition, as discussed in the next section, with reduced total input capacitance, R F can be designed with values much higher than is possible with wire bonding, which also reduces the input-referred noise. The schematics for the resistor feedback TIa and its full transistor implementation in this work are shown in Fig. 9 . The gain of the transimpedance amplifier is set by the feedback resistance (R F ). Because larger R F not only increases the sensitivity of the front-end but also minimizes the noise, a straightforward design approach is to maximize the value of R F for a given cMUT capacitance while maintaining adequate small signal bandwidth.
With a finite-bandwidth core amplifier, the TIa transfer function has two poles and is a second-order system. The transfer function of the transimpedance amplifier can be given as 
For a complete analysis, this quadratic system should be studied separately for two cases. The first case is without a feedback capacitor and the second case is with a feedback capacitor. considering the first case, and therefore assuming a zero value of C F , the design equations in (5) can be written as 
In these equations, w 0 and A 0 are the bandwidth and gain of the core amplifier, respectively. C In is the total capacitance at the input and includes the input capacitance of the core amplifier, the cMUT capacitance (C cMUT ) and the interconnect parasitics (C Par ). For critical damping and a maximally flat second-order Butterworth frequency response, Q should be set to √2/2. With critical damping, the 3-dB bandwidth of the TIa is equal to its resonance frequency, w n . assuming w In is much smaller than w 0 , it can be found that for critical damping, the 3-dB bandwidth of the core amplifier must be √2 times the closedloop bandwidth of the TIa [29] : Fig. 7 . The schematic of the system noise components including the electronics noise and the cMUT thermal-mechanical noise (i cMUT 2 ) and the expression for the total input-referred current noise (i in 2 ). C In,EXT is the sum of the capacitances external to the core amplifier and includes C F , C Par , and C cMUT . 
on the other hand, if there is considerable C F , for high values of R F , the second-order response is dominated by the pole because of the R F and C F , and in that case the bandwidth of the closed-loop response can be estimated by [7] , [17] 
For some TIa applications using discrete op-amps, the op-amps are often not designed specifically for the TIa implementation, and for those cases a capacitor in feedback (C F ) with an optimized value is used for stable closed-loop operation [30] . on the other hand, for customdesigned TIas, the core amplifier gain and bandwidth can be designed to eliminate the need for an additional stability compensation feedback capacitance. Therefore, for custom designs, this shunt capacitance across the feedback is considered as a parasitic capacitance because large values of C F have a substantial effect on the bandwidth of the TIa and significantly limits the maximum value of R F that can be implemented. For instance, considering (8), a 50-fF feedback capacitance allows only a 160 kΩ value of R F for a 20-MHz closed-loop bandwidth. Therefore, to maximize the R F value, the parasitic C F should be minimized.
TIa designs that implement the feedback resistance with a passive resistor [7] suffer from high values of C F caused by the parasitic capacitances associated with the large area of the polysilicon resistors. In our TIa design, the feedback resistance is implemented using a single long-channel nMos transistor (M5) in the triode region instead of a polysilicon resistor (Fig. 9) . The effective resistance value of the triode-region feedback transistor is approximated by
where µ N is the carrier mobility, C oX is the gate capacitance per unit area, W is the channel width, L is the channel length, and V T is the threshold voltage of the transistor. V cTrl is the control voltage to tune the closed-loop gain of the TIa. The aspect ratio for M5 is chosen to be W/L = 0.4 μm/4 μm. a transistor covers much less area than an equal value on chip resistor, which significantly reduces the layout real estate and reduces the parasitic feedback effects. With careful layout practices, such as keeping the input and output traces far from each other on the layout, the parasitic feedback capacitance can be eliminated. In that case, the design equations (6) and (7) that assume no feedback capacitance should be used. In (7), the w −3dB expression indicates a direct trade-off between the input capacitance (C In ) and the maximum R F value that can be implemented; therefore, any parasitic capacitance at the input should be minimized because it decreases the allowable R F value. Monolithic integration eliminates this parasitic capacitance and, hence, enables the use of a higher R F value.
Based on (7), the core amplifier bandwidth should be tuned to be around 30 MHz to get a desired closed-loop TIa bandwidth of around 20 MHz. also, it can be seen that the gain of the core amplifier should be maximized to obtain the highest R F and highest sensitivity. In this work, to have a high gain, the core amplifier is designed as a cascoded common-source amplifier (Fig. 9) and has a simulated open-loop gain of 180 when the open-loop bandwidth is tuned to 30 MHz. The sizes of the transistors are also noted in Fig. 9 . The bias current to the core amplifier is controlled with an external connection (V BIas ). The cascode transistor biasing (V P , V n ) is provided through the on-chip biasing circuitry.
The core-amplifier-related noise given in (4) is proportional to the voltage noise (
/ term, which is inversely proportional with the transconductance (g m ). To get a higher g m for a given current value, an nMos (M1) is used at the input instead of a PMos device. Increasing the bias current increases g m and, hence, reduces the voltage noise term. This creates a trade-off between the power consumption and the part of the noise increasing with frequency. Because the objective of this work is to minimize noise as much as possible, the bias current through M1 is designed to be close to a relatively high value of 2 ma. The cascode transistors are designed with a high W/L ratio to increase the gain of the core amplifier and to keep the transistors in saturation. The W/L ratio of M1 was designed to a high value of 220 μm/0.35 μm to increase g m . simulated transconductance (g m ) of the input transistor is 23 ms. The equivalent noise voltage of the core amplifier (v amp ) is simulated to be about 1.1 nV/√Hz. The simulated input capacitance for the core amplifier (C In,aMP ) is around 400 fF. 
VI. gain and noise Measurement results

A. Transfer Function Testing
Testing the frequency response of a transimpedance amplifier is not a trivial task. one way of imitating a current source at the input is to use a large on-chip resistor [31] . The simulated input impedance of the designed TIa for a 3-MΩ feedback resistance is found to be 16.5 kΩ. Therefore, for accurate testing, the on-chip resistor should have a resistance much higher than 16.5 kΩ. However, a high value on-chip resistor consumes considerable layout area, which results in parasitic capacitances which may affect the bandwidth characteristics of the TIa. Therefore, we used an alternative method to measure the transimpedance characteristics, and used the cMUT element itself in series with the TIa to mimic the on-chip high impedance. The test setup can be seen in Fig. 10 . a voltage signal is applied to the biasing electrode of the cMUT array. The norton equivalent of a voltage input (V in ) in series with the C cMUT is a current source equal to V in × 2π × freq × C cMUT and a parallel C cMUT ; therefore, the effect of the capacitance of the cMUT at the TIa input is also included in this measurement. This setup does not take into account the increase in the cMUT capacitance when a dc bias is applied to the cMUT element. However, for this small cMUT element, a 50-fF capacitance increase is almost negligible because it is an order of magnitude smaller than the total capacitance at the TIa input. This test structure is also verified in simulation where a voltage source is connected in series with the cMUT capacitance and an ideal integrator is placed after the TIa output voltage. This simulation setup gives the same transimpedance characteristics when compared with the results of the simulation of the TIa with an ideal current source at the input.
The simulated transimpedance characteristics for different values of feedback resistance are shown in Fig. 11 (left). To be consistent with the electrical measurement, which is discussed next, a 100-fF capacitance is used in simulation to mimic the C cMUT . In simulations, there is a 0.3-fF drain-to-source capacitance that is included in the simulation model of the feedback transistor (M5) and it behaves as a feedback capacitor. However, its size is very small and does not impose a substantial damping. In addition, this capacitance is for transistor modeling purposes only and is not a physical capacitance. In the layout of the TIa, the metal connections are routed carefully not to introduce capacitance between the input and output of the amplifier. Therefore, in the real implementation, the effective C F should be almost zero.
For electrical measurements, one of the outputs of the post-processed Ic in Fig. 4 is connected to an agilent 4395a network/spectrum/impedance analyzer (agilent Technologies Inc., santa clara, ca) and the gain is measured at the buffer output using the equipment in network analyzer mode. Then, the measured voltage gain is divided by the buffer gain and multiplied by 1/2π × freq × C cMUT to extract the transimpedance gain. Because the dc bias between the cMUT electrodes is very small for this test setup, to extract the TIa gain from the overall voltage gain measurement,100 fF is used as the cMUT capacitance. The transimpedance gain is characterized for different values of feedback resistance and plotted in Fig.  11 (right) . It can be seen from both the simulation and measurement results that the feedback resistance can be tuned by the control voltage. For increased transimpedance gains, the bandwidth of the TIa drops as expected. Measurement results demonstrate that a 3-MΩ gain can be achieved with a bandwidth higher than 20 MHz. This performance is also supported by the simulation results.
In simulations, when the core amplifier has a 30-MHz open-loop bandwidth, even a feedback capacitance as low as 5 fF significantly damps the circuit and reduces the closed-loop bandwidth. The measured results in Fig. 11 (right) agree well with the simulations where the only feedback capacitance comes from the very small 0.3 fF from the transistor model. Therefore, it can be stated that even if there is an unexpected C F caused by parasitics, the measurement results suggest that it is much lower than 5 fF.
B. Noise Measurements
For noise measurement of the TIa, one of the outputs of the post-processed Ic in Fig. 4 is connected to an agilent 4395a network/spectrum/impedance analyzer in spectrum analyzer mode. no bias is applied to the receiver cMUT to only measure the front-end electronics noise. The output noise value of the TIa is obtained by dividing the measured output noise value by the buffer gain. Fig. 12 plots the measured output voltage noise of the TIa for different values of V ctrl . Each noise level at low frequencies corresponds to the thermal noise of the respective tuned R F value and is equal to 4kTRF. Therefore, gain information of the transimpedance amplifier can be extracted from the flat region of the output noise spectrum. The plot clearly depicts the change in the TIa output noise spectrum with changing feedback resistance. at higher frequencies, the TIa output noise starts to roll off, which is governed by the TIa transfer function. It can be seen that for the R F = 3 MΩ case, the output noise does not start to roll off until 20 MHz. This observation supports the TIa gain measurements demonstrating a 3 MΩ gain with a bandwidth higher than 20 MHz. Fig. 13 plots the measured, simulated, and the theoretically expected input-referred noise of the monolithically integrated TIa for a 3-MΩ feedback resistance. The measured input-referred noise is obtained by dividing the measured output noise of the TIa by the TIa transfer function. The theoretical noise contribution of the feedback resistor and the core amplifier are shown separately along with the total calculated TIa noise. a 100-fF capacitance mimics the cMUT at the input of the amplifier in simulations. The theoretical core amplifier noise is calculated using the 1.1 nV/√Hz amplifier voltage noise and the 500-fF total input capacitance, which includes the cMUT capacitance and the amplifier input capacitances. The noise increase at higher frequencies is also visible from the plot. It can be seen that the measured noise matches well with the total calculated and simulated noise values.
The monolithically integrated 3-MΩ feedback TIa achieves an input-referred noise current density performance of 90 fa/√Hz around 15 MHz. Total integrated TIa noise is 0.29 na over the 10 to 20 MHz cMUT band. This value was also verified from a time-domain measurement of the TIa noise using an oscilloscope. The maximum input current that the amplifier can handle can be determined by the level where the amplifier gain changes by 1 dB from its small signal value. From simulations, the maximum peak-to-peak input current is found to be 20 na. The 1-dB gain change point is also measured using the test setup shown in Fig. 10 . In the measurement, the maximum input current is found to be 37 na. The difference between the simulated and the measured values is due to the typical process variation in the transistors when compared with the nominal model values in simulation. considering the 0.29-na input noise floor and the maximum nominal (simulated) peak-to-peak input current The total theoretically calculated noise is also plotted along with the calculated feedback resistance noise and the calculated core amplifier noise. The measured 75 fa/√Hz feedback noise level at low frequencies is equivalent to the current noise of a 3-MΩ resistor.
of 20 na, the preamplifier has 28-dB dynamic range. The dynamic range should be improved to at least 40 dB for satisfactory IVUs image performance. The major source of nonlinearity in the amplifier is the overdrive voltage of the feedback transistor that limits the maximum voltage swing at the TIa output. To implement the 3-MΩ resistance with the triode region nMos with the aspect ratio of 0.4 μm/4 μm, the required V ctrl − V oUT − V T term in (9) is simulated to be around 44 mV. This overdrive voltage can be easily improved, while keeping the effective resistance the same, by using a longer feedback transistor. For instance, increasing the length of the transistor 4 times should also increase the maximum input current by 4 times and, hence, improve the dynamic range by 12 dB. alternatively, to improve the dynamic range, the high feedback resistance can be implemented with a Tnetwork of resistors [28] .
Ideally, receiver electronics noise contributions should be less than the cMUT thermal-mechanical noise. To obtain measurements of the total system noise in immersion, including the cMUT thermal-mechanical noise, a monolithically integrated Ic was placed in a water tank. The output noise spectrum of the system at different cMUT bias voltages was measured (Fig. 14) . The output at 0 V represents the noise of the receiver electronics. as the cMUT bias is increased, the coupling coefficient, and hence the cMUT noise contribution, increases. Furthermore, as the cMUT bias is increased, the equivalent cMUT resistance decreases. For 0 V bias, the effective resistance is infinite, and for the highest cMUT bias R cMUT is calculated to be close to 1 MΩ (see Table I ). In Fig. 8 , it was shown that the amplifier noise is independent of the cMUT resistance when the cMUT resistance is higher than 20 kΩ. Therefore, the changing cMUT resistance does not modify the amplifier noise. on the other hand, with increasing bias, as the vacuum gap decreases, the cMUT capacitance increases to 150 fF from its 0-V bias value of 100 fF. This increases the C cMUT term in (4) and results in a slight increase in the part of the amplifier noise that increases with frequency. However, the change in the cMUT capacitance is much smaller when compared with the total capacitance value at the input, which is around 500 fF. Therefore, the increase in the amplifier noise with the increasing cMUT bias is expected to be very small. The frequency span of the cMUT noise is larger than the operation band of the device in immersion, which is from 10 to 20 MHz. The source of the cMUT noise contribution from 5 to 10 MHz is suspected to be due to the acoustic crosstalk and the spurious waves in the substrate. Fig. 14 clearly indicates that the cMUT thermal-mechanical noise dominates the output noise for 95-V dc bias, close to collapse voltage. The preamplifier noise figure can be calculated by using the ratio of the total noise power to the noise power of the cMUT. comparing the noise powers at 0 V bias and 95 V bias in the cMUT frequency band (10 to 20 MHz), it is seen that the cMUT noise accounts for 66% of the total noise power. Therefore, the noise figure (nF) is calculated as 1.8 dB.
an important figure of merit for cMUT system performance is the input-referred pressure noise. If one predicts the noise of an ideal cMUT, the minimum noise pressure from the radiation impedance is 4kTR S med/ , where R med is the real part of the radiation impedance in rayls, and S is the area of the transducer [32] . For the particular Fl array element, this ideal cMUT noise can be calculated to be 2.3 mPa/√Hz where the radiation impedance of the cMUT element is considered equivalent to that of a circular piston with a 40-μm radius.
The noise-equivalent pressure is experimentally found by using the measured output voltage noise in Fig. 14 and a receive sensitivity measurement. The receive sensitivity measurement based on the hydrophone measurements showed a 130 mV/kPa sensitivity at the TIa output when the cMUT is biased close to collapse. The noise-equivalent pressure of the total system including the cMUT noise and the receiver circuitry noise is then found to be 3 mPa/√Hz at the center frequency. Based on this measured total noise-equivalent pressure, Fig.   Fig. 14 . The system noise with 0 V, 70 V, and 95 V cMUT biases. When there is no dc bias, the noise is only due to the front-end electronics. as the dc bias is increased, the cMUT noise starts to dominate the system noise, clearly demonstrating the transducer noise-limited receiver performance. 14 suggests an amplifier noise of 1.8 mPa/√Hz and a cMUT noise of 2.4 mPa/√Hz. This measured cMUT noise is very close to the ideal case cMUT noise prediction of 2.3 mPa/√Hz, which considered the noise from the radiation impedance and ignored the cMUT electrical and mechanical losses. Table II compares the performance of front-end receivers in literature that were designed for cMUT devices with the noted bandwidth and sizes. It can be seen that the TIa design in this work achieves the smallest noise figure. In [26] , although its front-end is electronics-noise-limited, a smaller noise-equivalent pressure is reported, mainly caused by a larger-sized cMUT element. In addition, studies in [10] , [26] use the same element as the receiver and transmitter and therefore require protection circuitry to protect the low-voltage receiver amplifiers from highvoltage pulses. This protection circuitry introduces additional noise and degrades the receiver noise performance. one of the advantages of having separate rings for receive and transmit operation is that there is no necessity for a TX-rX switch and receiver protection circuitry, which is advantageous for low-noise detection.
VII. conclusion
The monolithic cMUT-cMos integration offers improved overall sensor performance, smaller size, and easier packaging with a small number of external connections. We discussed the design and implementation of a custom asIc that is designed and fabricated in a 0.35-μm cMos process for monolithic integration with a forward-looking cMUT array consisting of 70 × 70 μm elements. In the receiver design, the trade-offs between the gain, bandwidth, noise performance, and the power consumption are discussed in detail. The transistor-feedback TIa design is shown to reduce the parasitic feedback capacitances and improve the low-noise design at the expense of reduced linearity. Methods are available to improve the linearity for future designs. The successful monolithic integration of the cMUT array with the asIc is demonstrated through a pulse-echo measurement. It was shown that the monolithic integration and the custom electronics designed for minimum noise enable transducer-noise-dominated receiver performance with an input-referred current noise density performance of 90 fa/√Hz and a 1.8-dB noise figure. 
